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INTRODUCTION 

The purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  observe  t h e  e f f e c t  of  laser  i r r a d i a -  
t i o n  on t h e  p y r o l y s i s  of  c o a l .  Coal i r r a d i a t e d  w i t h  laser l i g h t  can decompose 
i n t o  g a s e s  r i c h  i n  a c e t y l e n e .  Coal p y r o l y s i s  a t  t h e  u s u a l  coking temperatures  

and t h e  probable  c o m e r c i a l  va lue  of  t h e  product  gas  should be  r e l a t e d  d i r e c t l y  t o  
t h e  temperature  of  t h e  decomposing c o a l .  

, y i e l d s  gases  h igh  i n  methane b u t  very  low i n  a c e t y l e n e .  The acetylene/methane r a t i o  

Conventional c o a l  p y r o l y s i s  v a r i e s  i n  temperature  from 450" t o  1,400"C and i n -  
c ludes  hundreds o f  d i f f e r e n t  p r o c e s s e s  and c o a l s .  
r o l y s i s  gas  w a s  ob ta ined  from a P i t t s b u r g h  seam (hvab) c o a l  carbonized a t  900" C . 5 1  
F i f t e e n  p e r c e n t  o f  t h e  c o a l  (40.7 p e r c e n t  v o l a t i l e  m a t t e r )  w a s  c o l l e c t e d  as  g a s  
( t a b l e  1) .  
r a t i o  by i n c r e a s i n g  p y r o l y s i s  tempera ture .  The e q u i l i b r i u m  c o n s t a n t  f o r  t h e  
r e a c t i o n  

A t y p i c a l  high-temperature  py- 

L a s e r  i r r a d i a t i o n  can b r i n g  about  s i g n i f i c a n t  changes i n  t h e  C,H,/CH4 

i n c r e a s e s  from 
l a s e r  i r r a d i a t i o n  could be very  high.  The energy c o n c e n t r a t i o n  due t o  a 6 - j o u l e  
focused beam from a ruby laser i s  s u f f i c i e n t  t o  raise t h e  temperature  o f  a p e r f e c t  
absorber  by 14,000' C. This  estimate i s  based on t h e  laser  energy and on the  h e a t  
c a p a c t t y  o f  t h e  t a r g e t .  However, much o f  t h e  laser energy i s  d i s s i p a t e d  by r e f l e c -  
t i o n ,  conduct ion ,  and v a p o r i z a t i o n .  I n  t h e s e  experiments  w i t h  c o a l  t h e  maximum 
t a r g e t  temperature  was e s t i m a t e d  t o  be  less than  1,300" K-- la rge ly  due t o  c o a l  vo l -  
a t i l i t y .  I n t e r e s t i n g  o b s e r v a t i o n s  o f  t a r  e t  tempera tures  o f  l a s e r - i r r a d i a t e d  s o l i d s  

and found it compatible  wi th  an assumption o f  thermodynamic e q u i l i b r i u m  and a temp- 
e r a t u r e  o f  4,000' K.  Verber and Adelman,'/ u s i n g  tantalum a s  a t a r g e t ,  measured 
thermionic  emission d u e  t o  a s u r f a c e  temperature  i n c r e a s e  which was c a l c u l a t e d  
from c l a s s i c a l  h e a t  t r a n s f e r  theory .  I n  t h e  fo l lowing  experiments  tempera tures  
have not  been measured d i r e c t l y  due  t o  t h e  s m a l l  s i z e  o f  t h e  c o a l  c r a t e r  and t o  
t h e  r a p i d  h e a t i n g  and c o o l i n g  o f  t h e  sample. 

a t  1,000" K to lo+' a t  4,000" K .  Temperatures  r e s u l t i n g  from 

have been repor ted .  Berkowitz and C h u p k a l  .? analyzed t h e  vapor e j e c t e d  from g r a p h i t e  

EXPERPIENTAL 

A v a r i e t y  of  c o a l s  and c o a l  macera ls  have been exposed t o  laser i r r a d i a t i o n .  
Using a focused beam, energy  c o n c e n t r a t i o n s  as h igh  a s  100 megawatts p e r  square  
c e n t i m e t e r  can be reached.  The genera l  procedure has  been t o  seal t h e  c o a l  sample 
i n  a g l a s s  v e s s e l  through which t h e  laser  beam'can be f i r e d .  The v e s s e l  w a s  evac-  
uated o r  evacuated and p a r t i a l l y  r e f i l l e d  wi th  a s p e c i f i c  g a s  b e f o r e  i r r a d i a t i o n .  
Samples, u s u a l l y  about  8 mm cubes,  were s e a l e d  i n  g l a s s  tubes  10 mm i . d .  and 90 mm 
long.k/  
i r r a d i a t e d .  The u s u a l  i r r a d i a t i o n  w a s  1 p u l s e  o f  a 6 - j o u l e  ruby laser  beam which 
was focused by a convex l e n s .  
e t e r  i n  two o r  more f r a c t i o n s  d i s t i l l i n g  from l i q u i d  n i t r o g e n ,  d r y  i c e ,  i c e  w a t e r ,  
room tempera ture ,  and 60" C ba ths .  Both t o t a l  volume and gas  d i s t r i b u t i o n  were 
determined f o r  each f r a c t i o n .  
f o r  u l t i m a t e  a n a l y s i s  o r  f o r  i n s p e c t i o n  by i n f r a r e d  spec t romet ry .  

Samples were d r i e d  under vacuum a t  100" C f o r  20 h o u r s ,  then  s e a l e d  and 

Gaseous products  were analyzed by t h e  mass s p e c t r a n -  

S o l i d  products  were obta ined  from t h e  g l a s s  walls 
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Table 1.- Product gas  

H2 co 

93OOC Carboniza t ion  Lase r  i r r a d i a t i o n  
Mole pe rcen t  

55.6 
7.4 
0.4 
31.5 
0.05 
3.4 
1.2 
0.5 
0.0 

Weig 

15 

< 0.002 

t p e r c e n t  o 

CzHzICH4 

52.2 
22.5 

5.1 
10.6 
0.0 
0.0 
0.0 
0.9 

a. 7 

co a1 

52 , 

2.1 

In s tudying  any new p rocess  f o r  coa l  p y r o l y s i s ,  t h e r e  a r e  s e v e r a l  u s e f u l  var -  
i a b l e s  t o  be cons idered .  Among t h e s e  a r e  c o a l  r ank ,  mace ra l ,  p a r t i c l e  s i z e ,  and 
atmosphere.  There are a l s o  seve ra l  v a r i a b l e s  which a r e  c h a r a c t e r i s t i c  of  t he  pro-  
c e s s i n g  u n i t .  For t h e  l a s e r  they  a r e  q u a n t i t y  of  energy d i s c h a r g e d ,  rate of d i s -  
charge ,  a r e a  o f  t a r g e t ,  and wavelength o f  r a d i a n t  energy. 

Coals have been t r e a t e d  wi th  t h e  same t o t a l  l i g h t  energy  from 3 d i f f e r e n t  
l a s e r s .  Lase r s  used i n  t h e s e  experiments w e r e  a s  follows: The ruby laser d e l i v e r s  
6 j o u l e s  of  6,943 A l i g h t  i n  about 1 mi l l i s econd .  Source of  t h e  l i g h t  i s  a c y l i n -  
d r i c a l  ruby 76 mm long  by 6.3 nun i n  d i ame te r .  It i s  a c t i v a t e d  by a xenon f l a s h  
lamp and a c a p a c i t o r  capab le  of  d e l i v e r i n g  a 2 ,000-vo l t  pu l se .  The neodymium l a s e r  
is a g l a s s  rod 152 mm long and capable  o f  a 28 - jou le  pu l sed  d i scha rge .  The t h i r d  
laser type  i s  a cont inuous  CO2 l a s e r .  I t s  t o t a l  power o u t p u t  i s  only  10  w a t t s  
(10 j o u l e s / s e c )  bu t  s i n c e  it o p e r a t e s  con t inuous ly  t h e  t o t a l  energy  and t h e  quant i ty  
o f  product  gas  can be made t o  equal  t h a t  o f  t he  pu l sed  l a s e r s .  I r r a d i a t i o n  f r q  
t h e  C02 l a s e r  has a wavelength o f  106,000 A. 

RESULTS 

A comparison o f  p roduct  gases  from a 900” C ca rbon iza t ion  and from i r r a d i a t i o n  
by a ruby l a s e r  v e r i f i e d  t h e  p r e d i c t i o n  of h ighe r  C2H2 t o  C q  r a t i o  f o r  t he  l a s e r  
( t a b l e  1 ) .  

- Rank. Coal composi t ion and c o a l  u t i l i z a t i o n  vary  widely w i t h  rank .  I r r a d i a -  
I 

ci,... .... 
L L Y L l  rLodiicts a s  a funct ioi i  o f  rank iv’ere s tud ied  e a r l i e r  and t h e  restilts are sum- 
marized i n  t a b l e  2.31 
Yie lds  o f  a c e t y l e n e ,  hydrogen, and HCN r each  a maximum f o r  a h i g h - v o l a t i l e  bitumin- 
ous  c o a l .  

‘r A s  rank  dec reases  t h e  y i e l d  of gaseous product i nc reases .  

i 
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Macerals. Macerals from a s i n g l e  c o a l  setam can be s e p a r a t e d  v i s u a l l y  o r  by 
s p e c i f i c  g r a v i t y .  
coking p r o p e r t i e s .  Maceral s e p a r a t i o n  i s  a t e d i o u s  j o b  and w e l l  separa ted  samples 
are u s u a l l y  s m a l l . l /  
l a s e r  p y r o l y s i s  were i r r a d i a t e d  ( t a b l e  3 ) .  A s  hydrogen and v o l a t i l e  m a t t e r  i n  t h e  
maceral increased  the  product  gas  i n c r e a s e d ,  and t h e  q u a l i t y  of t h e  product  gas 
(based on C2H21CH4 r a t i o )  decreased .  

They provide  informat ion  about  the  o r i g i n  o f  a c o a l  and about i t s  

Macerals  o f  Hernshaw (hvab) c o a l  i n  s u f f i c i e n t  q u a n t i t y  f o r  

Table  2 . -  Product  gases  from laser i r r a d i a t i o n  of  c o a l s  

A n t h r a c i t e  Pocahontas P i t t s b u r g h  L i g n i t e  
l v b  hvab 

Moles x l o 7  
13 23 30 21 
8 5 1 2  24 
4 1 3 1 0  
1 1 3 1 
3 4 9 6 
0.3 0.3 1 . 2  0.7 

TO t a 15' 31 35 6 0  63 

- a /  H20, N2, 02 f r e e .  

Table  3 . -  Gas from laser i r r a d i a t i o n  o f  macera ls  
o f  Hernshaw (hvab) c o a l  

H2 3 V o l a t i l e  m a t  e r ,  Product  a s  
Maceral D e  r c e n i d  Dercenta 5 Moles x 10' 'C?H?/CHI. 

Fu s i n i  t e  3.2 13.4 4 3  59 
M i c r i n i t e  4 .8  31.4 52 34 
V i t r  i n i t e  5 . 4  33.7 90 12 
Exin i  te 6 . 4  55.4 103 8 

- a /  See r e f e r e n c e  2.  

P a r t i c l e  S i z e .  V a r i a t i o n  o f  gas  y i e l d  w i t h  p a r t i c l e  s ize  w a s  s t u d i e d .  
Samples of  P i t t s b u r g h  seam c o a l  w i t h  p a r t i c l e  d i a m e t e r s  from 240 p down t o  10 p 
( f i g u r e  1) were i r r a d i a t e d .  For t h e  smaller p a r t i c l e s  t h e r e  w a s  a modest decrease  
i n  methane and an i n c r e a s e  i n  a c e t y l e n e .  This  may i n d i c a t e  less  c o o l i n g  by conduc- 
t i o n  and h i g h e r  tempera tures .  

Types of  Lasers .  Although laser a c t i v i t y  h a s  been produced i n  many d i f f e r e n t  
m a t e r i a l s ,  t h i s  s t u d y  has  been c a r r i e d  o u t  u s i n g  only  t h r e e - - r u b y ,  neodymium, and 
carbon d i o x i d e .  
Cr2O3. The chromium i o n s ,  e x c i t e d  by the  xenon f l a s h  lamp, e m i t  a p u l s e  of  6,943 A 
l a s e r  l i g h t .  The i n t e n s i t y  o f  t h i s  p u l s e  can be v a r i e d  by changing the  input  t o  the  
l a m p ,  by focusing t h e  l a s e r  beam, and by Q-switching to  s h o r t e n  t h e  d ischarge  t i m e .  
The s tandard  i r r a d i a t i o n  f o r  these  experiments  was a 6 - j o u l e  p u l s e  discharged i n  
about  1 m i l l i s e c o n d .  Without o p t i c a l  a l t e r a t i o n  t h i s  produces a c r a t e r  6 m i n  
d iameter  equal  t o  t h e  ruby rod)  and an energy c o n c e n t r a t i o n  a t  t h e  t a r g e t  of  
14 kw cm-'. With a focus ing  l e n s  t h i s  i s  increased  t o  over  40 kw cm-2 and,  us ing  
an  e l e c t r o - o p t i c a l  Q-switch, t o  40 Mw 

The ruby is a p ink  c r y s t a l  of  A1203 w i t h  0.05 weight  p e r c e n t  o f  
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The neodymium l a s e r  can  d e l i v e r  a 28- joule  pu l se  of 10,600 A l i g h t .  Using 
p r e c i s e  focus ing  but  no Q-swi t ch ing  t h e  l i g h t  i n t e n s i t y  a t  t he  t a r g e t  is about 
400 kw cm-2. 

The c02 l a s e r  has a cont inuous  ou tpu t  of 10 w a t t s  a t  a wavelength o f  106,000 A .  
Using a focused beam it can  produce a f lux  of 0.2 kw cm-2. 

Data from these  t h r e e  l a s e r s ,  inc luding  s e v e r a l  v a r i a t i o n s  i n  the  energy i n t e n -  
s i t i es  of t h e  ruby have been compared a t  approximately the  same t o t a l  energy ou tpu t  
t o  de te rmine  i f  t he re  a r e  d i f f e r e n c e s  i n  product -gas  q u a n t i t y  and d i s t r i b u t i o n .  

The Cnz l a s e r  e m i t s  t h e  l e a s t  i n t ense  l i g h t  beam because o f  i t s  slow r a t e  of 
emiss ion .  The ruby p u l s e s  were p r o g r e s s i v e l y  inc reased  i n  concen t r a t ion  due t o  
foca l  v a r i a t i o n s .  This  can r e a d i l y  be  measured on t h e  coa l  t a r g e t s .  C r a t e r s  i n  
fhe  coa l  i r r a d i a t e d  by t h e  defocused  ruby l a s e r  beam had an average a rea  of 1 .3  cm2. 
A l l  i r r a d i a t i o n s  with neodymium were focused and t h e  c r a t e r s  averaged 0.02 cm'. 
The b e s t  focused Cop- laser  beam produced a c r a t e r  w i th  an a r e a  o f  0.03 cm2. 
p roduct -gas  d a t a  a r e  shown as f u n c t i o n s  of c r a t e r  a r e a  ( f i g u r e  2 ) .  Only the  d a t a  
from i r r a d i a t i o n s  wi th  the  Cog l a s e r  were no t  c o n s i s t e n t  w i th  t h e  o t h e r  d a t a  due t o  
i t s  s l o w  h e a t i n g  and c o o l i n g  r a t e s .  The more i n t e n s e  l a s e r  beams produced g r e a t e r  
q u a n t i t i e s  o f  product gas  and h i g h e r  ace ty l ene  t o  methane r a t i o s .  
c r a t e r  a r ea  was rep laced  by l i g h t  f l u x  (k i lowa t t s  cm-*) and the  C02- laser  d a t a  could 
be inc luded .  

The 

I n  f i g u r e  3 

Temperature.  Since t h e  same amount of energy  w a s  a v a i l a b l e  i n  each of t hese  
t e s t s  t h e  tempera tures  of t h e  c r a t e r s  o r  o f  t h e  gas gene ra t ing  s i tes  should be re- 
l a t e d  to  energy concen t r a t ion .  An a t tempt  was made t o  e s t i m a t e  t h e s e  tempera tures  
from the composition o f  t h e  gas  using'gas e q u i l i b r i a  d a t a .  
i n  t h e  r e l a t i o n s h i p  between m e t  a n e ,  a c e t y l e n e ,  and hydrogen. Equi l ibr ium d a t a  t o  

The c h i e f  i n t e r e s t  is 

4,000 K a r e  shown i n  f l g u r e  4.- 47 

Gas ana lyses  from var ious  l a s e r  i r r a d i a t i o n s  were in t roduced  a s  shown i n  t h e  
sample c a l c u l a t i o n  us ing  d a t a  from i r r a d i a t i o n  wi th  a neodymium l a s e r .  

K =  (PcZHZ)(PHZ)3 = (.00277)(.00987)3 .00444 
(PCH4P (.000774)' 

, 
log K = 2.351 

Assuming the gases t o  be i n  e q u i l i b r i u m  dur ing  t h e i r  gene ra t ion ,  f i g u r e  4 g ives  a 
temperature o f  1,250' K. Temperatures were e s t ima ted  f o r  o t h e r  l a s e r  i r r a d i a t i o n s  
where gas ana lyses  were a v a i l a b l e  ( f i g u r e  5). Temperatures inc rease  c o n s i s t e n t l y  
wi th  i n c r e a s e  i n  energy c o n c e n t r a t i o n .  Since a c e t y l e n e  was not  de t ec t ed  i n  t h e  gases 
from the  CO2 l a s e r  a t empera tu re  e s t ima te  could not  be made. 
y s i s  was a v a i l a b l e  f o r  p roduc t  from a 900" C ca rbon iza t ion  o f  c o a l  and a comparison 
wi th  equ i l ib r ium d a t a  i n d i c a t e d  a temperature of 827' C ,  i n  reasonable  agreement 
w i t h  the  measured t empera tu re .  

However, a gas  a n a l -  

Var i a t ions  i n  types of i r r a d i a t i o n  cause g r e a t  changes i n  gas  y i e l d  and s e l e c -  
t i v i t y .  However, most of t h e s e  changes i n  t h e  product can be expla ined  on the  
b a s i s  o f  h e a t  concen t r a t ion  a t  t h e  t a r g e t .  A g r e a t e r  hea t  c o n c e n t r a t i o n  inc reases  
gas y i e l d ,  i n c r e a s e s  t h e  p robab le  c r a t e r  temperature,and i n c r e a s e s  t h e  a c e t y l e n e  
t o  methane r a t i o .  Even d a t a  from t h e  C02 l a s e r  f i t s  i n t o  t h i s  p a t t e r n  a l though the 
h e a t  concen t r a t ion  i s  ach ieved  by a d d i t i o n a l  r a d i a t i o n  t i m e  i n s t e a d  o f  l a s e r  power. 
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Photochemistry.  A fundamental q u e s t i o n  i n  the  laser i r r a d i a t i o n  o f  coa l  i s  the  
P o s s i b l e  importance o f  t h e  wavelength o f  t h e  energy.  1's t h e  laser s imply a thermal  
energy source c a p a b l e  o f  r a i s i n g  c o a l  t o  h i g h  tempera tures  o r  can t h e  monochromatic 
energy s t i m u l a t e  s p e c i f i c  chemical  r e a c t i o n s  i n  coal?  The u s u a l  photochemical re- 
a c t i o n s  take  p l a c e  wi th  wavelengths  o f  2 ,000 A t o  8 ,000 A .  

The l a s e r s  a v a i l a b l e  f o r  t h i s  c o a i  s tudy  were: 

Ruby 6,943 A - v i s i b l e  spectrum 
Neodymium 10,600 A - i n f r a r e d  
Carbon d i o x i d e  106,000 A - i n f r a r e d  

A t  t h i s  t i m e  i t  i s  imposs ib le  t o  measure t h e  photochemical i n f l u e n c e  o f  t h e  laser 
,energy  because d u p l i c a t e  c r a t e r s  have n o t  been produced by d i f f e r e n t  l a s e r s  and t h e  

temperature  e f f e c t  is much s t r o n g e r  than t h e  photochemical e f f e c t .  A f i r s t  e s t i m a t e  
i s  t h a t  t h e  i n f l u e n c e  is  small (compare ruby-focus and neodymium, f i g u r e  3)  b u t  per -  
haps u s i n g  lower energy p u l s e s  d i f f e r e n c e s  can be d e t e c t e d .  

Another conclus ion  t o  be drawn from t h e s e  d a t a  i s  t h e  e f f e c t i v e n e s s  of a con- 
c e n t r a t e d  beam o f  l a s e r  l i g h t  i n  promoting a c e t y l e n e  product ion  i n  c o a l  p y r o l y s i s .  
T h i s  has  been shown f o r  bo th  ruby and neodymium lasers and f o r  c o a l s  of  varying 
r a n k ,  macera l ,  and p a r t i c l e  size. Due t o  c o a l  v o l a t i l i t y  tempera tures  have been 
lower than  expected.  Higher  coal tempera tures  could be  p r e d i c t e d  by i r r a d i a t i n g  
p r e t r e a t e d  c o a l  i n  a p r e s s u r i z e d  system and should l e a d  t o  g a s  co.mpositions even 
r i c h e r  i n  a c e t y l e n e .  
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